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Introduction {#cssc201903483-sec-0001}
============

After almost 30 years of lithium‐ion battery (LIB) development, their performance metrics increasingly match the high requirements for application in electric vehicles (EVs). Therefore, car manufacturers around the world have initiated the mass‐market introduction of EVs, which provide significantly lower CO~2~ emissions than vehicles powered by the internal combustion engine (ICE).[1](#cssc201903483-bib-0001){ref-type="ref"}, [2](#cssc201903483-bib-0002){ref-type="ref"}, [3](#cssc201903483-bib-0003){ref-type="ref"}, [4](#cssc201903483-bib-0004){ref-type="ref"}, [5](#cssc201903483-bib-0005){ref-type="ref"}, [6](#cssc201903483-bib-0006){ref-type="ref"} To comply with the goal to reduce the environmental impact of the replacement of ICE vehicles with EVs, however, the sustainability of the LIB production itself needs to be considered as well.[7](#cssc201903483-bib-0007){ref-type="ref"}, [8](#cssc201903483-bib-0008){ref-type="ref"}, [9](#cssc201903483-bib-0009){ref-type="ref"}, [10](#cssc201903483-bib-0010){ref-type="ref"} This means that the use of scarce and toxic cobalt, for instance, should be avoided.[11](#cssc201903483-bib-0011){ref-type="ref"}, [12](#cssc201903483-bib-0012){ref-type="ref"}, [13](#cssc201903483-bib-0013){ref-type="ref"}, [14](#cssc201903483-bib-0014){ref-type="ref"} Moreover, mutagenic and teratogenic polyvinylidene difluoride (PVdF),[15](#cssc201903483-bib-0015){ref-type="ref"} commonly utilized as a binder for the cathode,[16](#cssc201903483-bib-0016){ref-type="ref"} should be replaced, not least as it requires the use of toxic and hazardous *N*‐methylpyrrolidone (NMP)[17](#cssc201903483-bib-0017){ref-type="ref"}, [18](#cssc201903483-bib-0018){ref-type="ref"}, [19](#cssc201903483-bib-0019){ref-type="ref"} as a solvent. Additional benefits of the implementation of more sustainable electrode materials and processing beyond health and safety aspects arise from the potential cost savings, which can be achieved simply by employing water as the processing solvent and natural polymers as the binder.[10](#cssc201903483-bib-0010){ref-type="ref"}, [20](#cssc201903483-bib-0020){ref-type="ref"}, [21](#cssc201903483-bib-0021){ref-type="ref"}, [22](#cssc201903483-bib-0022){ref-type="ref"} Among such greener processes, the combined use of styrene butadiene rubber (SBR) and carboxymethyl cellulose (CMC) as the binder is certainly the most prominent representative[10](#cssc201903483-bib-0010){ref-type="ref"} as it has been fully established for the production of graphite negative electrodes.[23](#cssc201903483-bib-0023){ref-type="ref"}, [24](#cssc201903483-bib-0024){ref-type="ref"} However, the pronounced sensitivity of cathode materials, such as Co‐free LiNi~0.5~Mn~1.5~O~4~ (LNMO), towards water has so far hindered the large‐scale introduction of aqueous fabrication routes for lithium‐ion positive electrodes.[25](#cssc201903483-bib-0025){ref-type="ref"}, [26](#cssc201903483-bib-0026){ref-type="ref"}, [27](#cssc201903483-bib-0027){ref-type="ref"} In the case of high‐voltage LNMO, the second great challenge towards the identification of new binders concerns their stability towards oxidation. SBR, for instance, is not sufficiently stable at such elevated potentials, which means that new (bio)polymers need to be identified to realize mechanically stable, high‐mass‐loading, high‐voltage electrodes for LIBs.[10](#cssc201903483-bib-0010){ref-type="ref"}, [23](#cssc201903483-bib-0023){ref-type="ref"}, [28](#cssc201903483-bib-0028){ref-type="ref"}, [29](#cssc201903483-bib-0029){ref-type="ref"} Recently, it has been shown that the detrimental side effects of aqueous cathode processing, which especially include lithium leaching, aluminum current collector corrosion, and improvable adhesion of (high loading) electrode coating layers to the current collector,[30](#cssc201903483-bib-0030){ref-type="ref"}, [31](#cssc201903483-bib-0031){ref-type="ref"} can be mitigated by implementing suitable processing additives, such as phosphoric acid (PA)[32](#cssc201903483-bib-0032){ref-type="ref"}, [33](#cssc201903483-bib-0033){ref-type="ref"}, [34](#cssc201903483-bib-0034){ref-type="ref"}, [35](#cssc201903483-bib-0035){ref-type="ref"}, [36](#cssc201903483-bib-0036){ref-type="ref"} and citric acid (CA),[33](#cssc201903483-bib-0033){ref-type="ref"}, [37](#cssc201903483-bib-0037){ref-type="ref"} and by modifying the current collector.[31](#cssc201903483-bib-0031){ref-type="ref"}, [38](#cssc201903483-bib-0038){ref-type="ref"} These strategies have effectively prevented corrosion of the aluminum current collector and have led to stabilized current collector--active material--electrolyte interfaces by forming a protective metal phosphate layer on the active material surface as well as the current collector that allows an improved binder network that is tethered covalently to the carbon‐coated aluminum current collector. As a result, these optimized electrodes provide very stable long‐term electrochemical performance comparable or even superior to LNMO‐based electrodes based on the standard PVdF binder.[38](#cssc201903483-bib-0038){ref-type="ref"} Nonetheless, the achievement of commercially relevant areal loading electrodes remains a great challenge in spite of the rather high amount of binder (≈5 wt %). Towards this end, guar gum (GG), a naturally available galactomannan‐based polysaccharide (repeated [d]{.smallcaps}‐mannose units branched with glycosidic [d]{.smallcaps}‐galactose side chains), has been identified recently as suitable alternative.[39](#cssc201903483-bib-0039){ref-type="ref"}, [40](#cssc201903483-bib-0040){ref-type="ref"} Applications so far include alternative anode materials that follow an alloying or conversion‐type lithium storage mechanism[41](#cssc201903483-bib-0041){ref-type="ref"}, [42](#cssc201903483-bib-0042){ref-type="ref"}, [43](#cssc201903483-bib-0043){ref-type="ref"}, [44](#cssc201903483-bib-0044){ref-type="ref"} as well as cathode materials such as lithium nickel manganese cobalt oxide (NMC)[45](#cssc201903483-bib-0045){ref-type="ref"} and its lithium‐rich derivative.[46](#cssc201903483-bib-0046){ref-type="ref"} The benefits of using GG are the good rheological slurry behavior, which provides electrodes with high mechanical stability and tensile strength,[41](#cssc201903483-bib-0041){ref-type="ref"}, [47](#cssc201903483-bib-0047){ref-type="ref"}, [48](#cssc201903483-bib-0048){ref-type="ref"}, [49](#cssc201903483-bib-0049){ref-type="ref"} little electrolyte swelling,[43](#cssc201903483-bib-0043){ref-type="ref"}, [50](#cssc201903483-bib-0050){ref-type="ref"} and the ability to coordinate (dissolved) cations through the O atoms in the galactose side chains.[42](#cssc201903483-bib-0042){ref-type="ref"}, [51](#cssc201903483-bib-0051){ref-type="ref"} As it serves as a scavenger for, for example, polysulfides formed as intermediates in sulfur cathodes[52](#cssc201903483-bib-0052){ref-type="ref"}, [53](#cssc201903483-bib-0053){ref-type="ref"} or dissolved manganese cations from cathodes such as LiMn~2~O~4~, GG reduces the detrimental effect on the anode.[54](#cssc201903483-bib-0054){ref-type="ref"}, [55](#cssc201903483-bib-0055){ref-type="ref"}, [56](#cssc201903483-bib-0056){ref-type="ref"}, [57](#cssc201903483-bib-0057){ref-type="ref"} Interestingly, the use of GG has not been reported for high‐voltage LNMO to our knowledge.

In this study, the employment of natural GG as a water‐soluble binder for LNMO cathodes in combination with suitable electrode processing additives and CA as a naturally available crosslinker was investigated. Such optimized electrode preparation allows for a substantial decrease in binder content compared to previous studies on CMC only[33](#cssc201903483-bib-0033){ref-type="ref"} (i.e., from 5 wt % to only 3 wt %) and extremely stable cycling for more than 500 cycles without significant capacity loss and, at the same time, enables greatly elevated mass loadings. The subsequent incorporation of minor amounts of CMC further enhances the rate capability. Eventually, the suitability of the approach is demonstrated in high‐energy LNMO\|graphite lithium‐ion cells with both electrodes obtained from aqueous processes.

Results and Discussion {#cssc201903483-sec-0002}
======================

CMC‐based LNMO electrodes showed a satisfactory electrochemical performance in lithium cells upon the introduction of CA and PA as processing additives (together CP--CMC) as well as a coating on the carbon‐coated aluminum current collectors for improved electrical contact and adhesion.[33](#cssc201903483-bib-0033){ref-type="ref"}, [38](#cssc201903483-bib-0038){ref-type="ref"} As a result, electrodes that contain 5 wt % CA‐crosslinked CMC binder and subjected to a PA treatment during slurry preparation (CP--CMC‐5 %) exhibit a very stable cycling performance and retain a specific discharge capacity of 107 mA h g^−1^ after 400 cycles, which corresponds to a capacity retention of approximately 89 % (Figure [1](#cssc201903483-fig-0001){ref-type="fig"} a). However, to comply with the rather strict industry requirements, binder contents of 3 wt % and less are required.[58](#cssc201903483-bib-0058){ref-type="ref"}, [59](#cssc201903483-bib-0059){ref-type="ref"} Accordingly, the binder content in the electrode was decreased stepwise (with an increase of the active material content) from 5 to 4 and 3 wt %. This has a significant to substantial effect on the cycling stability (Figure [1](#cssc201903483-fig-0001){ref-type="fig"} a). For LNMO electrodes that contain 4 wt % binder (CP--CMC‐4 %), the capacity retention after 400 cycles is merely 82 % (i.e., 98 mA h g^−1^), whereas it decreases to 65 % for electrodes prepared with only 3 wt % binder (82 mA h g^−1^; CP--CMC‐3 %). Without crosslinking the binder through CA (PA--CMC‐3 %) the cycle life is inferior, even though the active mass loadings were limited to relatively low values (≈5 mg cm^−2^). Interestingly, a low binder content of only 3 wt %, in the case of CP--CMC‐3 % and PA--CMC‐3 %, has a beneficial effect on the initial capacity, which does not show the typical increase at the beginning. This finding further supports our previous assignment that such an increase is caused by the slow electrolyte wetting of the crosslinked binder that covers the active material particles.[33](#cssc201903483-bib-0033){ref-type="ref"} With only 3 wt % binder, this effect is essentially absent. In addition, a reduction of the binder content has a positive effect on the dispersion of the LNMO particles and the conductive carbon, as revealed by the decreased tendency of these two components to form larger agglomerates with decreased binder contents (Figure [1](#cssc201903483-fig-0001){ref-type="fig"} b--d). Accordingly, the targeted decrease of the binder content promises to address the two issues (initial capacity increase and active material fraction) that so far hinder the commercial exploitation of aqueous electrode processing routes for high‐energy cathodes. Nonetheless, the inferior cycling stability is also an important issue. An examination of the pristine electrodes by using SEM (Figure [1](#cssc201903483-fig-0001){ref-type="fig"} b--d) reveals that 3 wt % binder is not sufficient to obtain mechanically intact electrodes because of the rather brittle and stiff nature of CMC.[48](#cssc201903483-bib-0048){ref-type="ref"}, [60](#cssc201903483-bib-0060){ref-type="ref"} The large cracks in the coating layer of the pristine (Figure [1](#cssc201903483-fig-0001){ref-type="fig"} d) and cycled electrodes (Figure S1) provide an explanation for the pronounced capacity fading, which is at least partially related to the loss of active material or the electronic wiring in the electrode as indicated by the shortening of the voltage plateau (inset in Figure [1](#cssc201903483-fig-0001){ref-type="fig"} a).

![a) Extended constant current cycling of CA‐crosslinked CP--CMC electrodes with different weight fractions of binder (5 wt % in dark blue, 4 wt % in blue, 3 wt % in light blue). The performance of the non‐crosslinked PA--CMC (3 wt %) electrode is also presented (red) as a reference. Selected potential profiles for the three CP--CMC electrodes with 5, 4, and 3 wt % binder are also shown. The cut‐off potentials were set to 3.5 and 4.9 V, and a charge--discharge rate of 1 C corresponds to a specific current of 147 mA g^−1^. b--d) SEM images of pristine electrodes based on b) 5, c) 4, and d) 3 wt % CP CMC. All electrodes have an areal loading of approximately 5 mg cm^−2^.](CSSC-13-2650-g001){#cssc201903483-fig-0001}

A suitable alternative for CMC might be GG thanks to its high tensile strength and excellent flexibility,[41](#cssc201903483-bib-0041){ref-type="ref"}, [47](#cssc201903483-bib-0047){ref-type="ref"}, [48](#cssc201903483-bib-0048){ref-type="ref"}, [49](#cssc201903483-bib-0049){ref-type="ref"} which would potentially yield electrodes with a good mechanical stability. After our previous findings that demonstrated the advantages of CA‐induced crosslinking,[33](#cssc201903483-bib-0033){ref-type="ref"} we applied this approach to GG‐based electrodes. The branched GG chains can also be crosslinked by CA according to the simple condensation reaction illustrated in Figure [2](#cssc201903483-fig-0002){ref-type="fig"} a. Specifically, the hydroxyl groups along the GG chain are expected to react with the carboxylic acid groups of CA by forming ester bonds accompanied by the release of water at slightly elevated temperatures of 150 °C.

![a) Proposed crosslinking through the temperature‐induced ester condensation of free hydroxyl groups in the GG side chain and CA. b) FTIR spectra of CA (dark purple), the simple mixture of CA and GG without temperature treatment (CA+GG, purple), pure GG (light purple), and CA‐crosslinked GG (CA--GG, pink) with the characteristic ester‐related band at $\widetilde{\nu}$ =1722 cm^−1^, which indicates the crosslinking reaction.](CSSC-13-2650-g002){#cssc201903483-fig-0002}

The occurrence of this crosslinking reaction was confirmed by using FTIR spectroscopy (Figure [2](#cssc201903483-fig-0002){ref-type="fig"} b). For reference, the spectra of CA, GG, and a non‐crosslinked mixture of CA and GG (1:9) are given. The latter, as expected, simply resembles the sum of the individual compounds. The spectrum obtained for the crosslinked film with the same CA:GG ratio reveals a new band at $\widetilde{\nu}$ =1722 cm^−1^, which is characteristic for the carbonyl stretching vibration in ester groups. This confirms the occurrence of the crosslinking esterification reaction between CA and GG, as reported previously for similar polymers, such as CMC with CA, CMC with poly(acrylic acid) (PAA), or poly(vinyl alcohol) with PAA.[33](#cssc201903483-bib-0033){ref-type="ref"}, [61](#cssc201903483-bib-0061){ref-type="ref"}, [62](#cssc201903483-bib-0062){ref-type="ref"}, [63](#cssc201903483-bib-0063){ref-type="ref"} The other bands remain essentially unchanged compared to spectrum of the bare GG sample with broad features between $\widetilde{\nu}$ =1250 and 1650 cm^−1^ ascribed to the bending vibrations of C−H and O−H along the polysaccharide chain and/or associated water trapped in the binder film. Additionally, the symmetric ($\widetilde{\nu}$ =1145 cm^−1^) and asymmetric ($\widetilde{\nu}$ =868 cm^−1^) stretching vibrations of the ether bonds, which form the glycosidic linkages of the polysaccharide, as well as those in the mannose backbone ($\widetilde{\nu}$ =1015 cm^−1^) are hardly affected by the crosslinking.[43](#cssc201903483-bib-0043){ref-type="ref"}, [64](#cssc201903483-bib-0064){ref-type="ref"}, [65](#cssc201903483-bib-0065){ref-type="ref"}, [66](#cssc201903483-bib-0066){ref-type="ref"} Only the intensities of the C−OH stretching vibration of primary alcohols at approximately $\widetilde{\nu}$ =1058 cm^−1^ decrease slightly, which indicates the consumption of the alcohol groups of GG in the formation of the ester bonds with CA. This finding is complemented by the shoulder between $\widetilde{\nu}$ =1150 and 1220 cm^−1^ that evolves into a more pronounced band, which corresponds to the stretching vibration of C−O−CO in carbonyl esters.[63](#cssc201903483-bib-0063){ref-type="ref"}

The beneficial impact of such crosslinking for CP--GG‐3 % is reflected in the significantly increased long‐term cycling stability compared to that of the non‐crosslinked PA--GG‐3 % electrodes (Figure [3](#cssc201903483-fig-0003){ref-type="fig"} a). A comparison of the corresponding potential profiles (inset in Figure [3](#cssc201903483-fig-0003){ref-type="fig"} a) further highlights the performance improvement. Importantly, the cycling stability in general is enhanced dramatically if CMC is replaced by GG despite the rather low binder content (3 wt %). Even for the non‐crosslinked GG‐based electrodes, a capacity of 107 mA h g^−1^ is recorded after 400 cycles, which corresponds to a capacity retention of approximately 92 %. This value is already higher than that of the best‐performing CMC‐based electrodes that have a capacity retention of approximately 89 % at a higher binder content (5 wt %). For the crosslinked CP--GG‐3 % electrodes, the capacity retention is further improved to approximately 96 % with a final specific capacity of more than 110 mA h g^−1^. Moreover, with the use of the CA‐crosslinked GG binder, a substantial increase in active material mass loading from approximately 3 to approximately 9 mg cm^−2^ is enabled without a significant loss of electrochemical performance at lower C‐rates up to 1 C (Figure [3](#cssc201903483-fig-0003){ref-type="fig"} b).

![a) Specific capacity and selected potential profiles of electrodes that employ only 3 wt % GG as binder without (PA--GG, red) and with (CP--GG, purple) CA‐induced crosslinking upon constant current cycling. b) Investigation of the rate capability for CP--GG electrodes with stepwise increased mass loadings from 3 (light purple) to 9 mg cm^−2^ (dark purple) and c) selected potential profiles for these electrodes at charge--discharge rates of 1 and 5 C. The cut‐off potentials were set to 3.5 and 4.9 V, and a charge--discharge rate of 1 C corresponds to a specific current of 147 mA g^−1^. d--f) SEM images of electrodes with d) low (3 mg cm^−2^), e) intermediate (6 mg cm^−2^), and f) high (9 mg cm^−2^) areal loadings.](CSSC-13-2650-g003){#cssc201903483-fig-0003}

However, the initial capacity increase, assigned to the wetting effect, becomes more pronounced at such high loadings. At high charge and discharge rates, the achieved discharge capacity, for example, at 5 C decreases by more than 50 % if we compare the highest and lowest mass loadings, as the polarization increases substantially with an increase of the mass loading (Figure [3](#cssc201903483-fig-0003){ref-type="fig"} c). Nonetheless, if we return to relatively low charge and discharge rates, that is, C/3, the capacity increases again to its initial value for all different mass loadings and remains stable above 120 mA h g^−1^ (Figure [3](#cssc201903483-fig-0003){ref-type="fig"} b). This superior electrochemical performance compared to that of the electrodes based on CMC only is ascribed to the ability of GG to coordinate to oxide‐based active materials to form a rather stable (electrode) network, which thus enables increased active material mass loadings.[44](#cssc201903483-bib-0044){ref-type="ref"} This beneficial behavior is further amplified by CA‐induced crosslinking.[33](#cssc201903483-bib-0033){ref-type="ref"}, [37](#cssc201903483-bib-0037){ref-type="ref"}, [38](#cssc201903483-bib-0038){ref-type="ref"} GG‐based electrodes with increased mass loadings do not significantly differ in their appearance. They all display a densely packed but well‐distributed mixture of conductive carbon and active material interconnected by thin binder strings (not shown here because of immediate beam damage) without any severe cracks in the coating layer and only very few large pores in the case of the thickest electrode (Figure [3](#cssc201903483-fig-0003){ref-type="fig"} d--f).

The impact of the binder and its content on the rate performance was investigated by fixing the electrode areal loading to approximately 5 mg cm^−2^ (Figure [4](#cssc201903483-fig-0004){ref-type="fig"}). The results are also compared with those of CMC‐based electrodes with different binder contents. At lower C rates, there is no significant effect thanks to the initial "wetting cycle" at C/10, up to a charge and discharge rate of C/2 (Figure [4](#cssc201903483-fig-0004){ref-type="fig"} a). At elevated C rates, however, the CMC‐based electrodes outperform CP--GG‐3 % clearly, and the lower the CMC content the higher the rate capability. This agrees with the better distribution of the LNMO active material and conductive carbon additive reported earlier, and the conductive carbon additive forms an improved percolating network throughout the electrode. However, the GG‐based electrodes suffer a pronounced polarization if the specific current is increased (Figure [4](#cssc201903483-fig-0004){ref-type="fig"} b). This is attributed to the extended interaction of the insulating GG with the LNMO particle surface,[42](#cssc201903483-bib-0042){ref-type="ref"}, [43](#cssc201903483-bib-0043){ref-type="ref"}, [46](#cssc201903483-bib-0046){ref-type="ref"}, [50](#cssc201903483-bib-0050){ref-type="ref"} which provides, on one hand, better mechanical stability and electrode integrity but, on the other hand, limits the high rate performance of such electrodes because of a higher charge transfer resistance (Figure S2). Remarkably, the combination of the two binders CMC and GG (GG--X--CMC‐3 %) provides the same rate capability as electrodes that comprise CMC only (CP--CMC‐3 %) with only relatively little polarization (Figure [4](#cssc201903483-fig-0004){ref-type="fig"} a and b and Figure S2). If we compare the long‐term cycling performance of the CMC‐, GG‐, and GG--X--CMC‐based electrodes with 3 wt % binder, the cycling stability of the GG--X--CMC‐based electrodes is only slightly inferior to that of the electrodes that employ only GG (Figure [4](#cssc201903483-fig-0004){ref-type="fig"} c) and they offer the best rate performance with a specific capacity above 120 mA h g^−1^ at 1 C.

![a) Rate capability of crosslinked CMC‐based LNMO electrodes with different binder contents (5 wt % dark blue, 4 wt % blue, 3 wt % light blue, all CP--CMC) as well as electrodes based on 3 wt % CP--GG (dark purple) and the co‐crosslinked blend of CMC and GG (3 wt %, GG--X--CMC) and b) selected potential profiles for the electrodes with only 3 wt % binder at various C rates. c) Constant current cycling of these electrodes with selected potential profiles over 200 cycles. The cut‐off potentials were set to 3.5 and 4.9 V, and a charge--discharge rate of 1 C corresponds to a specific current of 147 mA g^−1^. The compared electrodes have areal loading of approximately 5 mg cm^−2^.](CSSC-13-2650-g004){#cssc201903483-fig-0004}

This superior performance is attributed to the formation of a co‐crosslinked network of the two binders (Figure [5](#cssc201903483-fig-0005){ref-type="fig"} a). The CA molecules may interconnect the linear CMC molecules with the branched GG side chains through esterification to form a flexible binder network. Indeed, this is confirmed by the new band at approximately $\widetilde{\nu}$ =1720 cm^−1^ observed in the FTIR spectrum of GG--X--CMC (Figure [5](#cssc201903483-fig-0005){ref-type="fig"} b), which is characteristic for the C=O stretch in the carbonyl ester bond.[33](#cssc201903483-bib-0033){ref-type="ref"}, [61](#cssc201903483-bib-0061){ref-type="ref"}, [62](#cssc201903483-bib-0062){ref-type="ref"}, [63](#cssc201903483-bib-0063){ref-type="ref"} Once more, the crosslinking is induced by thermal treatment at 150 °C during the drying of the GG--CMC electrodes. Additionally, a new, rather broad band is also observed between $\widetilde{\nu}$ =1200 and 1250 cm^−1^ (which is absent in the spectrum of the simple mixture of the two polymers, CMC+GG) that can be ascribed to the stretching vibration of C−O−CO in carbonyl esters,[63](#cssc201903483-bib-0063){ref-type="ref"} which further supports the proposed condensation‐type crosslinking between the CMC and GG chains through CA. This is substantially different from the spectrum of the simple mixture of all three components (CMC+CA+GG, 1:1:1) given for reference that merely resembles the sum of the spectra recorded of the single materials (CA, GG, and CMC; Figure [5](#cssc201903483-fig-0005){ref-type="fig"} b, bottom).

![a) Schematic illustration of the co‐crosslinked binder network composed of CMC (blue chains) and GG (purple chains) interconnected by CA (green). b) FTIR spectra with the same color code for the single components (CA, GG, and CMC), their mixtures before crosslinking (CMC+GG and CMC+CA+GG) and the co‐crosslinked binder (GG--X--CMC, light purple) with the characteristic ester band at $\widetilde{\nu}$ =1720 cm^−1^.](CSSC-13-2650-g005){#cssc201903483-fig-0005}

Similar to CP--GG electrodes, GG--X--CMC electrodes can achieve areal loadings that exceed 9 mg cm^−2^, maintain high mechanical stability, and offer a remarkably improved rate capability up to 3 C. At such a high rate, the GG--X--CMC electrodes with an areal loading of 9 mg cm^−2^ still deliver 75 % of their initial capacity at C/3 (i.e., 91 mA h g^−1^ compared to 121 mA h g^−1^ at C/3; Figure [6](#cssc201903483-fig-0006){ref-type="fig"} a). At even higher C rates, however, the Ohmic drop and cell polarization increase significantly for the electrodes with areal loadings of 7 mg cm^−2^ and higher (Figure [6](#cssc201903483-fig-0006){ref-type="fig"} b), which also affects the long‐term cycling stability at 1 C (Figure [6](#cssc201903483-fig-0006){ref-type="fig"} c and d). Although the electrodes with the lowest areal loading (3 mg cm^−2^) display the most stable performance (i.e., specific capacity of 118 mA h g^−1^ after 200 cycles, which corresponds to 94 % capacity retention) the electrodes with the highest mass loading (9 mg cm^−2^) provide a specific capacity of 100 mA h g^−1^ in the 200^th^ cycle, which corresponds to an 85 % capacity retention. It appears reasonable to anticipate that the additional optimization of the binder ratio, the electrode composition, and the slurry and electrode processing (especially with respect to slurry mixing and coating as well as electrode calendaring) may, indeed, enable a further enhancement of the performance of the high‐mass‐loading electrodes.[59](#cssc201903483-bib-0059){ref-type="ref"}, [67](#cssc201903483-bib-0067){ref-type="ref"}, [68](#cssc201903483-bib-0068){ref-type="ref"}

![a) Rate capability for GG--X--CMC electrodes with areal loadings of 3 (light purple) to 9 mg cm^−2^ (dark purple) and b) selected potential profiles for these electrodes at 1 and 5 C. c) Constant current cycling and d) selected potential profiles over 200 cycles for the same electrodes. In all cases, the cut‐off potentials were set to 3.5 and 4.9 V, and a charge--discharge rate of 1 C corresponds to a specific current of 147 mA g^−1^.](CSSC-13-2650-g006){#cssc201903483-fig-0006}

To further highlight the suitability of GG as a binder for LNMO‐based cathodes and the viability of fully‐water‐based high‐voltage Li‐ion cells, CP--GG‐3 % cathodes (i.e., those that offer the most stable cycling performance) were coupled with graphite anodes, employing CMC as the binder (Figure [7](#cssc201903483-fig-0007){ref-type="fig"}). We employed an optimized electrolyte formulation,[36](#cssc201903483-bib-0036){ref-type="ref"} and these "green" Li‐ion full cells display an excellent cycling stability with 80 % capacity retention after 1000 full charge--discharge cycles at 1 C (Figure [7](#cssc201903483-fig-0007){ref-type="fig"} a). To our knowledge, this performance exceeds any comparable LNMO\|graphite full cell reported so far, especially those that adopt all‐water‐based electrode‐processing strategies.^\[69--78^ A decrease of the charge and discharge rate to C/3 results in slightly higher specific capacities of approximately 110 mA h g^−1^, which corresponds to a specific energy of more than 300 W h kg^−1^ based on the cathode and anode active material loading (Figure [7](#cssc201903483-fig-0007){ref-type="fig"} b). The voltage profiles upon cycling show that the cell polarization does not increase notably (Figure [7](#cssc201903483-fig-0007){ref-type="fig"} c). This indicates that the slight capacity loss upon cycling is presumably caused by the loss of lithium or manganese cations from the cathode,[55](#cssc201903483-bib-0055){ref-type="ref"}, [56](#cssc201903483-bib-0056){ref-type="ref"}, [80](#cssc201903483-bib-0080){ref-type="ref"} which remains limited thanks to the metal‐scavenging properties of the GG binder[44](#cssc201903483-bib-0044){ref-type="ref"}, [46](#cssc201903483-bib-0046){ref-type="ref"}, [52](#cssc201903483-bib-0052){ref-type="ref"} and the optimized electrolyte composition.[36](#cssc201903483-bib-0036){ref-type="ref"}

![Electrochemical characterization of Li‐ion full cells with GG‐based LNMO cathodes and CMC‐based graphite anodes with an a/c ratio (based on their theoretical capacity) of approximately 1.3. a) Extended constant current cycling at 1 C. b) Constant current cycling at a relatively lower charge--discharge rate of C/3 and the resulting specific energy based on the anode (≈2 mg cm^−2^) and cathode (≈3.5 mg cm^−2^) active material masses with c) selected potential profiles for the low‐rate cycling. The upper cut‐off cell voltage was set to 4.85 V at C/3 and 5.0 V at 1 C, whereas the lower cut‐off was fixed at 2.8 V. A charge--discharge rate of 1 C corresponds to a specific current of 147 mA g^−1^.](CSSC-13-2650-g007){#cssc201903483-fig-0007}

Conclusions {#cssc201903483-sec-0003}
===========

The replacement of carboxymethyl cellulose (CMC) with guar gum (GG) as a binder for high‐voltage LiNi~0.5~Mn~1.5~O~4~ (LNMO) cathodes allows substantially enhanced cycling stabilities at significantly reduced binder contents and the realization of positive electrodes with greatly increased active material mass loadings. GG‐based LNMO cathodes with a binder content of 3 wt % outperform CMC‐based LNMO cathodes with a binder content of 5 wt % with a capacity retention of approximately 96 % compared to approximately 89 % after 400 cycles. To tune the rate capability, moreover, the co‐crosslinking of both binders through citric acid allows a suitable performance at elevated charge--discharge rates, which depends on the eventual mass loading. Remarkably, GG‐based LNMO cathodes coupled with CMC‐based graphite anodes provide an excellent cycling stability with a capacity retention of 80 % after 1000 cycles at 1 C and a promising gravimetric energy density of more than 300 W h kg^−1^ at C/3. Clearly, these results demonstrate the feasibility to employ water‐soluble, environmentally friendly biopolymers as a binder for high‐voltage LNMO cathodes and, hence, the realization of sustainable and high‐performance next‐generation lithium‐ion batteries.

Experimental Section {#cssc201903483-sec-0004}
====================

Structural and morphological characterization {#cssc201903483-sec-0005}
---------------------------------------------

Pristine LiNi~0.5~Mn~1.5~O~4~ (LNMO; *d* ~50~=14.4 μm; BET surface area: \<1.0 m^2^ g^−1^; tap density=2.26 g cm^−3^) was synthesized by a continuous co‐precipitation method followed by an optimized temperature treatment to tailor the particle size and morphology for high‐voltage applications, as reported elsewhere.[81](#cssc201903483-bib-0081){ref-type="ref"} The material was characterized by using powder XRD by using a Bruker D8 Advance diffractometer (Cu~Kα~ radiation, *λ*=0.154 nm) in the 2 *θ* range between 10 and 90° and applying a step size of 0.025° with a counting time of 2 s per step. The recorded reflections were analyzed by using the ICDD database, implemented in the EVA software (Bruker). SEM characterization of the cathode tapes was performed by using a Zeiss Crossbeam 340 field‐emission electron microscope. FTIR spectra were measured by using a Vertex 70v IR spectrometer (Bruker) equipped with a MIR light source, KBr beam splitter, and a deuterated [l]{.smallcaps}‐alanine‐doped triglycine sulfate (DLaTGS) detector with a KBr window. A single‐reflection diamond attenuated total reflection accessory PLATINUM ATR from Bruker was employed for the IR‐ATR spectroscopy measurements. The collected spectra were averaged over 64 scans with an optical resolution of 1 cm^−1^. The elemental composition of the LNMO powder was determined by using inductively coupled plasma optical emission spectrometry (ICP‐OES) by using a Spectro Arcos spectrometer (Spectro Analytical Instruments).

Electrode preparation {#cssc201903483-sec-0006}
---------------------

If not indicated differently, the positive electrode composition was 87 wt % LNMO, 10 wt % conductive carbon (C‐ENERGY Super C45, IMERYS), and 3 wt % binder. The latter was either pure sodium carboxymethyl cellulose (CMC; Walocel CRT 2000 GA 07, degree of substitution 0.7, Dow Wolff Cellulosics), natural GG (Lamberti SpA), or a 9:1 mixture of CMC or GG with CA (99 %, Sigma--Aldrich). In addition, a 1:1:1 blend of CMC and GG with CA was used. For the electrode preparation, the binder (which included CA) was dissolved in deionized water to obtain a 2.0 wt % solution. If used, PA (orthophosphoric acid 85 %, \>99 %, Bernd Kraft) was added to the binder solution together with the conductive carbon and the active material. The resulting slurry was homogenized by using planetary ball milling for 2 h. The obtained slurry was cast on carbon‐coated aluminum foil, which served as the current collector (thickness: 20 μm; battery grade), by using utilizing a laboratory doctor blade (wet film thickness between 200 and 600 μm). After immediate predrying in an atmospheric oven (ED‐115, Binder) for 10 min at 80 °C, the electrode tapes were dried at RT overnight in a dry room. Disc electrodes (geometric area: 1.13 cm^2^) were punched and pressed at 5 tons for 1 min (Atlas manual hydraulic press, Specac) under dry atmosphere. Finally, the electrodes were further dried under vacuum at 120 °C for 16 or 14 h at 120 °C and 2 h at 150 °C. The latter procedure was applied if CA was used as a crosslinking agent. If not indicated differently, electrodes with various binders that contain CA for crosslinking had a mass loading in the range of 4.0--4.9 mg cm^−2^ (CMC‐based) and 4.3--5.2 mg cm^−2^ (GG‐based). Besides, the active material mass loading of the electrodes was adjusted by using different coating thicknesses. For the full cell tests, graphite (SLP30, TIMCAL) anodes were prepared analogously with an electrode composition of 90 wt % SLP30, 5 wt % Super C45, and 5 wt % CMC as binder. The electrode coating thickness was adjusted to reach the desired mass loading for the full cell balancing.

For the FTIR measurements, slurries that contained only water and binder (GG, or its mixture with CMC) were prepared by spreading a 2.0 wt % aqueous solution of the binder on Mylar foil. The coated film was predried at 80 °C before the final drying step at 120 °C.

Electrochemical characterization {#cssc201903483-sec-0007}
--------------------------------

Three‐electrode Swagelok cells were used for the electrochemical characterization. Lithium metal foils (thickness 500 μm, battery grade, Honjo) served as the counter and reference electrode. The cell was assembled in an Ar‐filled glovebox (MB200B ECO, MBraun; H~2~O and O~2~ content lower than 0.1 ppm) with glass fiber disks (Whatman GF/D) as a separator, soaked in 130 μL of the electrolyte solution \[1 [m]{.smallcaps} LiPF~6~ in ethyl carbonate (EC)/dimethyl carbonate (DMC), 1:1 *w*/*w*, Selectilyte LP 30, BASF\]. If not indicated differently, galvanostatic cycling was performed within the potential range of 3.5--4.9 V at (20±2) °C by using a Maccor Battery Tester 4300. The charge‐discharge rate of 1 C corresponds to a specific current of 147 mA g^−1^. All potential and voltage values given herein refer to the Li^+^/Li quasi‐reference redox couple. For full cell testing, two‐electrode coin‐cells were used, prepared as described above. The electrodes in the cells were balanced to obtain an A/C ratio of roughly 1.3:1 based on the reversible capacities of the anode (A) and cathode (C), as known from the half‐cell tests and, if not indicated differently, cycled in a voltage range of 2.8--4.85 V.
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